Purpose: Ferumoxytol (FE) has gained interest as an alternative to gadolinium-based contrast agents (GBCAs). The purpose of this study was to evaluate and optimize ferumoxytol dose and T1 weighting, in comparison to a conventional GBCA. Materials and Methods: Twelve healthy volunteers (six women / six men, mean age 44.3 years) were recruited for this study. Scanning was performed on a clinical 3 Tesla (T) MRI system. Gadobenate dimeglumine (GD)-enhanced MRA was performed followed by FE-enhanced MRA 1 month later. Volunteers were randomly assigned to a diluted (n 5 6) or undiluted (n 5 6) dose of GD (0.1 mmol/kg), and to FE doses of 4 mg/kg (n 5 6) or 2 mg/kg (n 5 6). First pass and steady-state MRA were performed for GD-and FE-enhanced MRA. Flip-angle optimization was performed after FE administration. Quantitative analysis included relative contrast-to-noise ratio (relCNR) measurements for all acquisitions. First pass GD-and FE-enhanced MRA images were evaluated qualitatively. Results: RelCNR was significantly higher with undiluted GD (31.8, 95% confidence interval [CI], 27.7-35.9) compared with diluted GD (16.2; 95% CI, 12.2-20.3; P 5 0.001) and both 4 mg/kg FE (12.5; 95% CI, 8.5-16.4; P < 0.001) and 2 mg/ kg FE (9.1; 95% CI, 5.1-13.2; P < 0.001) during first pass. Relative CNR did not decrease with FE 5 min postinjection compared with GD. Flip-angle analysis revealed relative CNR-peaks at 308 for FE 4 mg/kg and at 208 for FE 2 mg/kg. Diluted GD (P 5 0.013) and FE 4 mg/kg (P 5 0.01) revealed significantly higher image quality scores compared with undiluted GD during first pass. Conclusion: This study shows an equivalent image quality of FE and GD for first pass MRA even though GD showed significantly higher relative CNR. Level of Evidence: 1 Technical Efficacy: Stage 2
successfully been applied in adult and pediatric patient populations as an alternative to gadolinium-based contrast agents (GBCAs) [5] [6] [7] [8] The absence of gadolinium makes FE an attractive alternative for patients with renal failure who may be at elevated risk of nephrogenic systemic fibrosis (NSF) 9 Furthermore, the long intravascular half-life of approximately 14-15 h allows for longer acquisitions with constant intravascular signal, suited for high resolution, steady-state acquisitions 6 Additionally, the long plateau of intravascular signal enables high quality imaging of the venous system through navigator-based approaches 5 Despite these characteristics that are well suited for vascular imaging applications, challenges remain when using FE as a contrast agent. In addition to its high longitudinal relaxivity, it has significant T2* shortening that must be considered when optimizing clinical acquisition protocols 10 Indeed, this effect can lead to thrombus-mimicking artifacts due to rapid dephasing, even with short TE sequences 11 These doseand MR-sequence parameter dependent artifacts highlight the need for optimized protocols when using FE as an MR contrast agent. However, few publications have focused on the optimization of MR sequence parameters as well as finding the optimal/lowest suitable dose for gadolinium and iron oxide containing contrast agents. 10, 12 Although FE has a favorable safety profile, clinical risks must be considered. Most adverse events are mild and transient. However, a rate of severe adverse events between 0.02% and 1.3% including hypersensitivity and hypotension has been reported. [13] [14] [15] The purpose of this work was to compare FEenhanced MRA with conventional gadolinium-enhanced MRA. As a secondary aim, a flip angle dependent contrastto-noise ratio (CNR) evaluation was performed in steady state after FE administration.
MATERIALS AND METHODS
This prospective study was Health Insurance Portability and Accountability Act compliant and approved by the local institutional review board (IRB). Thirteen volunteers with no known significant health problems were recruited from a local IRB-approved database of healthy volunteers. All volunteers signed an IRBapproved informed consent form.
Study Protocol
The study consisted of two separate visits for each subject, separated by 4 weeks, for a total of 24 independent imaging exams ( Table 1) . VISIT 1. Gadobenate dimeglumine (Multihance, Bracco, Milan, Italy, is abbreviated to GD in this report) enhanced MRA was performed. Volunteers were randomly assigned to either an undiluted bolus of (0.1 mmol/kg) or a diluted bolus (0.1 mmol/kg, diluted up to 40 mL with normal saline). Both injections were followed by a 20 mL saline chaser.
VISIT 2. FE (Feraheme, AMAG Pharmaceuticals, Waltham, MA) -enhanced MRA was performed using the same MR parameters as for GD-enhanced MRA. Volunteers were again randomly assigned to either 4 mg/kg (0.07 mmol/kg, n 5 6, abbreviated to FE 4mg ) or 2 mg/kg (0.035 mmol/kg, n 5 6, abbreviated to FE 2mg ). Both doses were diluted up to 60 mL with saline, followed by a 20-mL saline chaser. Injection parameters followed recently issued guidelines for the use of FE as a contrast agent from the ISMRM 16 The doses in this study were chosen based on the typical imaging doses in the literature as well as the current guidelines. 7, 16 As the usage of FE for MRI is currently off-label use, no dose recommendations from the manufacturer exist. All injections were performed using a power injector (Spectris Solaris, MedRad Inc., Warrendale, PA) at 2 mL/s for all injections. Fluoroscopic triggering was used to define the contrast injection start.
The 4-week separation between GD and FE injections was selected to ensure complete elimination of GD from the body before FE injection and imaging. FE remains for several months within cells of the reticuloendothelial system and may lead to strong MR signal changes 17 ; therefore, FE was not injected at the first visit of this crossover study. All volunteers were monitored during the MRI examination and blood pressure monitoring was continued 1 h after completion of the MR scan. Subjects were assessed for adverse events before discharge.
MR Imaging
All imaging was performed on a clinical 3.0 Tesla (T) MR system (MR750, GE Healthcare, Waukesha, WI) using a 32-channel phased-array body coil (Neocoil, Pewaukee, WI). First pass MRA was acquired using a standard spoiled-gradient-echo MRA-sequence (scan time: 22 s) acquired in a single breath-hold. The coronal acquisitions for both GD-and FE-enhanced MRA were performed , and flip angle of 508. The three-dimensional k-space matrix was filled using conventional elliptical centric ordering, and real-time fluoro-triggering was used to time the arrival of the bolus to the abdominal aorta.
During both visits, MRA imaging was performed during the first pass arterial phase, 50 s after the completion of the arterial phase (in this study called venous phase), and finally a 5-min delayed phase. Additionally, for visit 2 (FE), imaging was performed in steady state with flip angle varying between 10 and 508, in increments of 108. For technical reasons, the flip angle was decreased from 508 to 108 in descending order to maintain constant receiver gain and constant TR and TE. The receiver BW was also kept constant for all acquisitions. The acquisition with a flip angle of 508 was repeated to exclude differences in intravascular signal between the acquisitions.
Image Analysis
Both qualitative and quantitative analyses were performed using open-source DICOM viewer software (OsiriX, Pixmeo, Geneva, Switzerland).
QUANTITATIVE ANALYSIS. Relative CNR were calculated instead of absolute CNR and signal-to-noise ratio (SNR) measurements due to use of parallel imaging (P.I.) 18, 19 using the following formula:
where SI AO refers to the signal intensity of the aorta after contrast administration, SI REF refers to the signal intensity of the reference tissue (muscle / liver) after contrast administration and SI REF_PRE refers to the signal intensity of the reference tissue before contrast administration.
Relative CNRs between GD-and FE-enhanced MRA acquisitions were calculated to compare the contrast between artery and muscle and between artery and liver parenchyma for first pass, venous phase (50 s), and delayed 5-min phase.
Furthermore, relative CNRs were calculated for MRA acquisitions with different flip angle after FE administration in the steady state as described in the MR imaging section. Images were reconstructed online and DICOMs were transferred to an OsiriX workstation for evaluation.
A board-certified radiologist with 8 years of experience in body MRA (T.S.) drew all regions of interest (ROIs). To verify the same location, ROIs were copied to identical positions in all acquisitions. To account for differences in the behavior of the noise variance in the background region in magnitude images acquired with multi-channel coils, pairwise ROIs were drawn in closest possible proximity to minimize the signal and noise variance due to location. To measure relative CNR of artery and liver, ROIs were placed in the abdominal aorta at the level of the diaphragm and in the liver segment IV or VIII. For relative CNR of artery and muscle, ROIs were placed in the aorta immediately above the bifurcation and in the psoas muscle.
Vessel sharpness was assessed objectively in the descending aorta by drawing a linear signal profile in an axial slice ( Fig. 1 ) and calculating the slope of the signal intensity change per millimeter from outside to inside of the vessel as well as the edge width (distance from valley to peak of the edge). of celiac trunk, superior mesenteric and renal arteries. Both radiologists were blinded to the type of contrast medium, volunteer data, and the other reader's assessment. Images were assessed with regard to overall image quality, vessel contrast, and artifacts. These three parameters were rated on a five-point scale as follows according to Erb-Eigner et al 20 Overall image quality: excellent (5), good (4), moderate (3), poor (2) and not interpretable (1). Vessel contrast: excellent (5), good (4), moderate (3), poor with limited interpretability (2) and not interpretable (1). Artifacts: no artifacts (5), mild artifacts (4), moderate artifacts (3), substantial artifacts with limited interpretability (2), and not interpretable (1) .
Statistical Analysis
For quantitative measurements, the following statistical analyses were performed. Relative CNR was compared between the four groups (FE 4mg , FE 2mg , diluted GD, and undiluted GD) with repeated-measures analysis of variance (RM-ANOVA). RM-ANOVA models were fit separately for relative CNR of the first pass, venous, and late (5 min P.I.) acquisitions. As response variables, group was a fixed effect and subject was a random effect. Relative CNR for flip angle 108, 208, 308, and 408 were compared between the FE 4mg , and FE 2mg groups using separate RM-ANOVA models with group as a fixed effect and subject as a random effect. Edge width and slope were also analyzed with similar RM-ANOVA models to assess differences between the four groups. If a significant (P < 0.05) F-test was found in any RM-ANOVA model, then family-wise Tukey post hoc P-value adjustments were made when comparing the means between any two groups.
For qualitative measurements, the following statistical analyses were performed. Intra-rater agreement, assessed by Cohen's weighted Kappa with 95% confidence intervals (CIs), was calculated for readers' ratings of vessel contrast, artifacts, and overall image quality. Due to the high percentage of ratings of 5 for vessel contrast (75.2%), artifacts (90.3%), and overall image quality (70.8%) and very infrequent ratings of 2 or 3, all three image quality variables were dichotomized as rating 5 5 and rating 4. To test for differences in the proportion of ratings of 5 for each image quality variable, individual mixed effects logistic regression models were used with group as a fixed effects and subject and rater as random effects. If a significant difference was found between groups, then post hoc Holm adjusted P-values for all two-way comparisons were used.
All analyses were performed using R (The R Foundation) for statistical computing. 21 All tests were conducted using an a-priori 0.05 significance level.
RESULTS
Twelve volunteers completed the study protocol (6 women / 6 men, mean age 44.3 6 12.2 years, mean body mass index of 29.7 6 5.4). One volunteer withdrew from the study after the first visit. All 24 imaging exams were successfully completed without any technical difficulties. Furthermore, no immediate adverse events were observed during or after FE or gadolinium administration. Figure 3 shows an example of the venous phase of FEenhanced MRA in one of the normal volunteers, compared with GD-enhanced MRA with an undiluted bolus. Note the greater CNR with FE due to the long intravascular half-life. Figure 4 shows a case of a prominent right inferior phrenic artery imaged with FE 2mg (left) and undiluted GD (right). Note the improved depiction of the origin of the vessel in the FE-enhanced image due to less edge blurring. Figure 5 shows an example of multiple renal arteries originating in close proximity of each other imaged with FE 4mg (left, relCNR 9.8) and diluted GD (right, relCNR 18.5) with equivalent image quality but higher relative CNR with GD.
Quantitative Analysis RELATIVE CNRS. Relative CNR (relCNR) results are summarized in Figure 6 . For contrast between the aorta and muscle during first pass, relCNR was highest with undiluted GD (mean 31.8; 95% CI, 27.7-35.8) followed by diluted GD (16.2; 95% CI, 12.2-20.3; P 5 0.001), FE 4mg (12.4; 95% CI, 8.5-16.4; P < 0.001), and FE 2mg (9.1; 95% CI, 5.1-13.2; P < 0.001). For contrast between aorta and liver, relCNR was highest with undiluted GD (22; 95% CI, 18.1-26) followed by diluted GD (13.4; 95% CI, 9.5-17.3; P 5 0.027), FE 4mg (7.1; 95% CI, 3.3-10.9; P < 0.001), and FE 2mg (5; 95% CI, 1.1-9; P < 0.001). Furthermore, diluted GD revealed significantly higher relCNR than FE 2mg (P 5 0.03).
In the venous phase (50s after injection), relCNR between aorta and muscle was highest with FE 4mg (9.54; 95% CI, 95%CI 8.2-10.9) followed by undiluted GD (6.9; 95% CI, 5.5-8.3; P 5 0.003), FE 2mg (6.6; 95% CI, 5.2-8; P 5 0.003), and diluted GD (5.1; 95% CI, 3.6-6.5; P < 0.001). Furthermore, relCNR was significantly higher with nondiluted GD compared with diluted GD (P 5 0.04). RelCNR between aorta and liver was highest with FE 4mg (4.4; 95% CI, 3.6-5.1) followed by FE 2mg (2.6; 95% CI, 1.8-3.4; P 5 0.024), undiluted GD (2.5; 95% CI, 1.7-3.3; P 5 0.02), and diluted GD (2.1; 95% CI, 1.3-2.9; P 5 0.005).
In the delayed phase (5 min after injection), relCNR between aorta and muscle was highest with FE 4mg (10.3; 95% CI, 9.2-11.5) followed by FE 2mg (5.7; 95% CI, 4.6-6.9; P < 0.001), undiluted GD (3.6; 95% CI, 2.5-4.8; P < 0.001), and diluted GD (2.5; 95% CI, 1.4-3.7; P < 0.001). Furthermore, relCNR was significantly higher for FE 2mg compared with diluted GD (P 5 0.001) and undiluted GD (P 5 0.02). RelCNR between aorta and liver were highest with FE 4mg (4.54; 95% CI, 4.12-4.96) followed by FE 2mg (2.26; 95% CI, 1.84-2.68; P < 0.001), undiluted GD (1.10; 95% CI, 0.68-1.53; P < 0.001), and diluted GD (1.02; 95% CI, 0.60-1.44; P < 0.001). Furthermore, relCNR was significantly higher for FE 2mg compared with diluted GD (P > 0.001) and undiluted GD (P > 0.001).
Relative CNR Values for Different Flip Angles With FE-Enhanced MRA
The results of the flip angle optimization are summarized in Table 2 . Flip angle optimization was performed during steady state (delayed phase). RelCNR for FE 4mg was maximized at a 308 flip angle for contrast between aorta and muscle, as well as contrast between aorta and liver. For FE 2mg , relCNR showed a maximum at a flip angle of 208 for contrast between aorta and muscle, as well as contrast between aorta and liver.
RelCNR was significantly higher with FE 4mg compared with FE 2mg with flip angles of 508 and 408 for both contrast between aorta and muscle and aorta and liver (P < 0.001-0.024). With a flip angle of 308, relCNR was significantly higher for FE 4mg , versus FE 2mg for contrast between aorta and muscle (P 5 0.008). Results are summarized in Figure 7 . 
Vessel Sharpness
The edge width of the aorta was narrowest for FE 2mg (estimated mean [EM], 1.90; 95% CI, 1.08-2.72) followed by FE 4mg (EM, 2.46; 95% CI, 1.64-3.28), diluted GD (EM, 2.66;95% CI, 1.84-3.48), and undiluted GD (EM, 3.98; 95% CI, 3.16-4.80). Significant differences were detected between undiluted GD and FE 2mg (P < 0.001) and between undiluted GD and FE 4mg (P 5 0.016). The slope of signal intensity was highest for undiluted GD (EM, 2828 signal intensity units/mm; 95% CI, 2204-3453) followed by diluted GD (EM, 2069; 95% CI, 1445-2693), FE 4mg (EM, 1769; 95% CI, 1145-2394), and FE 2mg (EM, 1313;95% CI, 689 -1938)). Significant differences were detected between undiluted GD and FE 2mg (P 5 0.001) and between undiluted GD and FE 4mg (P 5 0.043).
QUALITATIVE ANALYSIS. Results of the qualitative analysis are summarized in Table 3 . Overall image quality was rated best significantly more often with diluted GD (78.8%) compared with undiluted GD (P 5 0.013) and with FE 4mg (78.0%) compared with undiluted GD (53.8%; P 5 0.01). Further comparisons revealed no significant differences.
Vessel contrast was rated best significantly more often with FE 4mg (81.1%) compared with undiluted GD (66.7%, P 5 0.006). Further comparisons revealed no significant differences.
Artifacts were rated least significantly more often with FE 2mg (93.9%) compared with undiluted GD (86.4%; P 5 0.01). The artifacts observed consisted of image blurring and truncation (ringing) artifacts that were observed inside and outside the vessel, most visible in larger vessels. The differences in artifact incidence and severity were not significant between the different contrast injections (Table 3) . Further comparisons revealed no significant differences. Inter-reader agreement was excellent for image quality (kappa value of 0.83), moderate for vessel contrast (k 5 0.48) and good for artifacts (k 5 0.67).
DISCUSSION
In this study, we prospectively compared FE-enhanced and GD-enhanced MRA. Our study revealed comparable image quality of GD and FE enhanced MRA during first pass, even though GD enhanced MRA showed higher relative CNR. The best qualitative imaging scores were achieved with diluted GD and FE 4mg . However, FE 2mg also demonstrated good qualitative imaging scores making it a valuable and cost effective alternative to the higher dose. FEenhanced MRA showed excellent CNR performance and constant intravascular signal during steady state acquisitions, making it greatly suited for venous imaging.
Flip angle analysis for FE-enhanced MRA revealed different CNR optima for FE 4mg , and FE 2mg indicating that lowering the flip angle with lower doses might further increase performance.
Apart from the injected agent, a factor that is likely to influence image quality in our study is the contrast bolus volume and subsequently its injection time, which was shortest for undiluted GD and longest for the FE injections. A longer injection at the same rate is likely to result in less intravascular signal variability during acquisition. This results in higher signal intensity during sampling of the kspace periphery, which occurs at later stages in the acquisition of modern MRA readout ordering. Greater signal during sampling of high spatial frequencies increases the image detail of small vessels and vessel borders. 22, 23 In our study, the contrast bolus was extended through dilution. When using FE as an MRA contrast agent, dilution of the contrast bolus is mandatory and a bolus volume between 24 and 60 mL is generally used 16 To match the bolus geometry of the FE-injections in our study, we injected GD with a diluted bolus comparable to the FE injections in a subset of volunteers. However, dilution results in a prolonged plateau phase at the expense of peak signal intensity. The results of the qualitative analysis suggest that the supposedly lower signal variability during MRA acquisition with a diluted contrast bolus outweighs the lower peak signal intensity. Accordingly, a large volume bolus with intermediate intravascular signal, together with a narrow edge width, resulted in the highest image quality during first pass in our study (diluted GD and FE 4mg ).
Several studies focused on the optimization of contrast injections for MRA. 22, [24] [25] [26] [27] [28] [29] [30] Measures to achieve a constant intravascular signal during MR acquisition included slow infusion of contrast agent, 30 ramp injection, 28 increased contrast doses, 24 and greater volumes of saline to chase the contrast bolus. 24, 25 In the steady state, the constant high relative CNR underlines the efficacy of FE as a blood pool agent, which is not only beneficial for long MR-acquisitions, but also for highresolution imaging of the venous system 6 Lastly, our results indicate that optimizing the flip angle as a function of FE dose could further increase relative CNR. This might be beneficial in terms of image quality when low doses of FE are used. Our study had several limitations. The number of subjects is relatively small in each group. Nevertheless, our results are clear and plausible, and the inter-reader agreement is reasonable with a very high agreement for overall image quality. Furthermore, we did not perform the flip angle optimization with randomly ordered flip angles. However, this is more relevant for contrast agents where signal changes during the steady state phase are expected.
The comparable image quality of FE-and GDenhanced MRA that we found in our study is in accordance with a previous report on patients with peripheral arterial disease 31 and an initial clinical comparison with a variety of vascular tests including GBCA enhanced MRA 3 It must be noted that FE is currently not approved for imaging purposes. Therefore, the described application of FE in this report is an off-label use.
As a future direction, randomized patient studies are important to evaluate the performance of FE in patients. We did not perform a patient study up front to not confound our results with the presence of disease. Furthermore, varying the injection rate with a fixed contrast dilution to further optimize image quality is an interesting topic for future studies.
In conclusion, our study demonstrated equivalent image quality for both FE-and GD-enhanced first pass MRA. Our results further indicate that dilution of the GD contrast results in increased image quality, most likely due to less temporal variation of the intravascular signal. Lastly, FE is able to achieve high image quality with a dose of 2 mg/kg. Adjusting the flip angle to dose might improve image contrast and quality even further.
